Two mechanisms have emerged as major regulators of membrane shape: BAR domain-containing proteins, which induce invaginations and protrusions, and nuclear promoting factors, which cause generation of branched actin filaments that exert mechanical forces on membranes. While a large body of information exists on interactions of BAR proteins with membranes and regulatory proteins of the cytoskeleton, little is known about connections between these two processes. Here, we show that the F-BAR domain protein pacsin2 is able to associate with actin filaments using the same concave surface employed to bind to membranes, while some other tested N-BAR and F-BAR proteins (endophilin, CIP4 and FCHO2) do not associate with actin. This finding reveals a new level of complexity in membrane remodeling processes.
Introduction
The members of the Bin-Amphiphysin-Rvs161/167 (BAR) domain superfamily of proteins have emerged as key players at the interface between the phospholipid bilayer and the actin cytoskeleton by connecting cytoskeleton-regulatory processes to their specific sites of action at the membrane [1, 2] . The BAR domains display affinity for curved membrane areas and/or induce membrane curvature upon membrane binding [3, 4] . Four types of BAR domains can be discerned with respect to the intrinsic curvature of their membrane binding sites: the N-terminal-BAR (N-BAR) and the extended-FCH-BAR (F-BAR) bind to membrane invaginations, whereas the inverse BAR (I-BAR) and the pinkbar proteins bind to the curved sites within membrane protrusions or flat membranes, respectively [5] . Tip-to-tip and/or lateral interactions of dimeric BAR domain units result in long filaments that wind around membrane tubules in a spiral-like form that promote further tubule formation [4, 6, 7] . Many BAR family members have an additional SH3 domain(s), which bind several proteins including nucleation promoting factors (NPFs), dynamin, and Wiscott-Aldrich syndrome protein (WASP/N-WASP protein family) [4, [8] [9] [10] and thereby combine their membrane remodeling properties with activities of membrane fission and/or the pushing forces of the actin cytoskeleton [2, 3, 11] . Pacsin2 (also termed syndapin 2 or FAP52) [12, 13] is a member of the F-BAR domain protein subfamily. It is involved in clathrin-mediated endocytosis [14] , vesicle budding from the trans-Golgi network [15] , the biogenesis of caveolae [16] , the formation/stabilization microspikes at the cell surface [17] , and in regulation of cell spreading and migration [18] . A unique feature of the F-BAR domain of pacsins is the 8-residue-long flexible loop (wedge loop) that protrudes from the concave side of the BAR domain and is involved in membrane binding [19, 20] . Liposome binding studies with pacsin1 revealed that the tubulation-inducing activity of the F-BAR domain alone is diminished in the full-length protein due to the autoinhibition by the C-terminal SH3 domain and the preceding linker [19, 21] . Interaction of the SH3 domain with the proline-rich region of binding partners (e.g. dynamin-1 and dynamin-2) promotes the membrane binding activity of the F-BAR domain [15] . Here, we show that pacsin2 directly binds to actin filaments and demonstrate a new mode of interaction of this F-BAR protein, whereby the concave side of its F-BAR domain is not only the membrane binding site but can also be involved in protein interactions. In addition, we show that binding to F-actin is not a common feature of BAR domain proteins. The observed direct interactions between an F-BAR protein and F-actin open up new avenues of investigations of links between membrane remodeling and the actin cytoskeleton.
Results
As shown by recent data, pacsin2 is involved in processes that require an active actin cytoskeleton [22] . In order to assess the direct interaction of pacsin2 with actin filaments, as already shown for the N-BAR domain protein PICK1, we performed co-sedimentation assays. Both full-length pacsin2 as well as the C-terminally truncated pacsin2 variant pacsin2tr (residues 1-324) that mainly comprises the F-BAR domain were found to directly interact with F-actin ( Fig 1A and B, Supplementary Fig S1) . To assess the dissociation constant of the interaction between pacsin2 and F-actin, we used the C-terminally truncated pacsin2tr construct because of its higher stability at high protein concentrations compared to the full-length protein. Pacsin2tr was found to bind to F-actin with a dissociation constant of 1.92 AE 0.36 lM (Fig 1A) . Since the wedge loop of pacsins was implicated in membrane binding (see below), we constructed a wedge loop mutant, both in the full-length (pacsin2-D1) and in the truncated pacsin2 variant (pacsin2tr-D1). The pacsin2tr-D1 mutant binds to F-actin with a similar dissociation constant (K D of 2.73 AE 0.56 lM) as the wild-type variant (Fig 1A) . This suggests that the wedge loop has no specific role in the interaction between pacsin2 and F-actin.
To further investigate the nature of pacsin2-F-actin binding and to ask whether other BAR domain-containing proteins might interact with actin filaments, we assayed selected N-BAR (endophilin) and F-BAR (CIP4 and FCHO2) proteins for binding to F-actin. For pacsin2 and endophilin, the specificity of the interaction with F-actin was tested in the co-sedimentation assay by either increasing the salt or the actin concentration (Fig 1B and C) . In the first experiment, both proteins (pacsin2 and endophilin) co-sedimented with F-actin at 50 mM KCl (Fig 1B, Supplementary Fig S1) . However, while there was only slight precipitation observed for pacsin2 when incubated in the absence of F-actin, relatively high self-precipitation of endophilin was observed at the same conditions ( Supplementary  Fig S1) . Increasing the salt concentration to 250 mM KCl led to a reduction of the pacsin2-F-actin binding to approximately 40% as compared to that at 50 mM KCl (Fig 1B) . This dependence on ionic strength indicates that pacsin2 most likely interacts with the negatively charged actin filaments via its positively charged concave surface. In contrast, co-sedimentation of endophilin with F-actin was not significantly reduced in the presence of high salt concentrations (85% at 250 mM KCl), suggesting an unspecific interaction.
In the second experiment, where actin concentration was systematically increased, both pacsin2 and endophilin showed some precipitation in the absence of F-actin (Fig 1C) . Increasing amounts of F-actin led to an obvious enrichment of pacsin2 in the F-actin pellet fraction, while only a slight enrichment of endophilin in the F-actin pellet fraction was observed at all actin concentrations tested (Fig 1C) , indicating that co-sedimentation of endophilin is actin independent. These results suggested that endophilin does not interact with F-actin, which was further confirmed by our EM studies (negative staining), where no decoration of actin filaments with endophilin was observed, while clear binding of pacsin2tr with actin filaments could be seen ( Supplementary Fig S2) . In addition, we found unspecific or no binding of FCHO2 and CIP4, respectively, to F-actin by using of co-sedimentation and EM studies (Supplementary Figs S3 and S4). Altogether, our results suggest that pacsin2 binds specifically to F-actin; however, binding of BAR domaincontaining proteins to F-actin is not a common property of this protein superfamily.
Next, we investigated whether pacsin2 has any effect on actin polymerization rates. To address this question, spontaneous polymerization of actin in the presence or absence of pacsin2tr was monitored by light scattering (Fig 1D) . Interestingly, when compared to a control experiment with actin alone, pacsin2tr did not display an effect on actin polymerization either at low (1:1) or at higher (1:5) actin to pacsin2tr molar ratios (Fig 1D, Supplemen- tary Fig S5A) . In the polymerization assay, cofilin enhances the elongation rate of spontaneous actin polymerization by severing actin filaments and increasing the number of filaments ends [23] . As expected, when using cofilin in our assay, actin polymerization was accelerated and the kinetics reached a plateau at about 15 min (Fig 1D) . However, pacsin2 did not inhibit this activity, suggesting that binding of pacsin2 to F-actin differs from that of, for example, tropomyosin, which stabilizes F-actin and thus inhibits the actin severing activity of cofilin [24] . To further explore this phenomenon, we analyzed the effects of pacsin2tr on the in vitro depolymerization kinetics of pyrene-labeled F-actin in the absence or presence of cofilin. As expected, fluorescence intensity decreased in function of time when pyrene-labeled F-actin was diluted in F-buffer ( Fig 1E) . The extent of depolymerization was similar when actin filaments were prepared by polymerization in the presence of pacsin2 at low actin to pacsin2 molar ratios (1:1 and 1:2) (Supplementary Fig S5B) . However, when F-actin was mixed with pacsin2 at higher molar ratios (1:5 and 1:10, actin to pacsin2) (Fig 1E) , a decrease in actin depolymerization rate was observed, indicating that pacsin2 is able to increase the stability of F-actin. When the F-actin and F-actin-pacsin2 complexes were subjected to dilutioninduced depolymerization in the presence of cofilin, hardly any difference in the depolymerization rates was observed (Fig 1E) , suggesting that pacsin2 is not able to reduce the activity of cofilin in this assay. In conclusion, pacsin2 increases the stability of actin filaments upon binding but does not seem to have nucleation and/or severing activity itself nor an effect on the activity of cofilin.
To investigate the competition between membrane and F-actin binding of pacsin2, a lipid co-flotation assay was performed. In the presence of liposomes, a significant amount of purified full-length pacsin2 was present in the lipid-containing fraction, whereas in the absence of liposomes, all pacsin2 resided in the dense fractions. However, in the presence of F-actin, the amount of pacsin2 in lipidcontaining fraction was slightly diminished. Thus, these data suggest that binding of pacsin2 to liposomes is competed in the presence of F-actin ( Supplementary Fig S6) .
We used surface plasmon resonance (SPR), in order to quantitatively compare the interaction of pacsin2 and wedge loop mutants with membranes. We employed small unilamellar vesicles (SUVs) composed of negatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS). Pacsin2 did not interact with SUVs prepared from zwitterionic 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and these vesicles served as a control surface (for details see Materials and Methods). Pacsin2 exhibited considerable interactions with POPS SUVs with the estimated K D of 0.22 AE 0.1 lM (Fig 2) . Two methionine residues (Met125 and Met126) located at the tip of the wedge loop were proposed to have a role in anchoring the protein to lipid membranes (Fig 2) . Mutation of one of these residues, Met125Ala (pacsin2-M125A), weakened Removal of both methionines (pacsin2-D2) resulted in an almost tenfold decrease of affinity, with K D of 3.1 AE 2.7 lM. The pacsin2-D1 variant did not interact with SUVs at all, thereby confirming the prime importance of the wedge loop for membrane binding. We also assessed interactions of the C-terminally truncated pacsin2tr that lacks the SH3 domain and the preceding linker and as expected found it to bind to membranes slightly better than the wild-type, with the K D of 0.14 AE 0.05 lM.
Extensive binding of pacsin2tr to F-actin was observed by negative stain EM ( Supplementary Fig S2C and D) . To obtain higher resolution information, cryo-EM (Fig 3A and B) was used for three-dimensional reconstruction. The Iterative Helical Real Space Reconstruction approach [25] was used for three-dimensional reconstruction, starting with a solid cylinder as an initial reference and using 31,856 segments. A sorting of the image segments was then done to remove those that were partially or more lightly decorated by pacsin2tr, leaving 5,620 segments as extensively decorated. These were used for the final three-dimensional reconstruction (Fig 3C) . Fitting a model of the actin filament [26] into this volume suggested a resolution of approximately 12 Å . Since the actin filament was not significantly changed by the binding of pacsin2tr at the available resolution, the additional density due to pacsin2tr was quite clear. Interestingly, the additional density was found to form two strands, each one associated with a long-pitch helical strand within F-actin, thus resembling the binding of tropomyosin bound to actin filaments as observed previously [27] ( Fig 3D) . To map/fit pacsin2 into the additional electron density, we crystallized F-BAR domain of pacsin2 [28] and solved its structure to 2.57 Å , with final refinement statistics of R work = 0.184 and R free = 0.222 ( Supplementary Fig S7, Supplementary Table S1 ). Not surprisingly, it was found to be most similar to mouse pacsin1 (pdb code 2X3W) with r.m.s.d. between equivalent C a atoms of 1.07 Å [21] . Even by having a crystal structure of pacsin2, interpreting the additional density present in the three-dimensional reconstruction in terms of molecular models for pacsin was impaired by the substoichiometric binding of pacsin to F-actin and the fact that no regular pattern of binding (e.g. 1:2 or 1:3) was observed in averaged power spectra from the pacsin-decorated actin filaments.
In order to identify/map residues that are proximal in the pacsin2/F-actin complex, we performed cross-linking experiments, using a zero-length cross-linker 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), followed by mass spectrometric analysis. After cross-linking, a band of about 90 kDa appeared on SDS-PAGE, indicating the formation of specific cross-links between one actin subunit (42 kDa) and one pacsin2 subunit (52 kDa) (Supplementary Fig S8) . To identify the sites of intermolecular cross-links, this 90 kDa band was excised from SDS-PAGE and analyzed by high-resolution LC-MS/MS after trypsin treatment. A representative MS/MS spectrum of a specific cross-link product, which allowed the identification of a linkage between Lys62 of pacsin2 and Asp25 of actin is depicted in Supplementary Fig S9. In total, 9 cross-links were identified for the pacsin2/F-actin complex (Supplementary Table S2 ). The major cross-linking products involve two clusters of lysine residues (53, 64, and 101; 143, 147, and 150) mapping on the concave surface of the pacsin2 BAR domain (Fig 4A) and the aspartic acid residues (24 and 25) and glutamic acid residues (99 and 100) on actin subunits, mapping to the long-pitch helical strand on F-actin (Fig 4B) . The first lysine cluster is located in the pacsin2 dimerization domain and the second is close to the proline residue 144 that introduces the specific kink in the F-BAR of pacsin2, causing diverse orientations of the tails in the pacsin protein family (Supplementary Fig S10) . The distances between the two lysine clusters in the F-BAR domain of pacsin (47-68 Å ) correspond well with the distance between the clusters identified on actin protomers (58 Å ), which correspond to the long-pitch helical strand on F-actin. Furthermore, the identification of these cross-links agrees with the electrostatic nature of the pacsin2-F-actin interaction, already observed in co-sedimentation assays.
Discussion
While the BAR superfamily proteins sculpt membrane through the curvature of their BAR domains, actin polymerization provided by nucleation promoting factors (NPFs) and the Arp2/3 complex generates a pushing force against the membrane. BAR domain proteins are therefore often found at the membrane/cytoskeleton interface in protein assemblies that display a complex regulation [22] . A study by Rocca et al [29] on a protein complex involving the N-BAR domain protein PICK1 gives a first notion of a direct binding between a BAR domain and F-actin; however, molecular details about this interaction were not reported [29] . Here, we show for the first time that the concave membrane binding face of an F-BAR domain also directly interacts with actin filaments, as supported by several lines of evidence. (i) The co-sedimentation assays revealed a salt dependence and thereby suggested the electrostatic nature of the interaction between pacsin2 and actin.
(ii) The XL-MS experiments identified clusters of residues on the concave side of pacsin2. (iii) The co-flotation assay revealed some, albeit weak, competition between negatively charged liposomes and F-actin for binding to the F-BAR domain of pacsin2.
Our cryo-EM study of F-actin decorated with BAR domain of pacsin2 showed that its binding occurs along the long-pitch strands of the actin filament, reminiscent of tropomyosin interaction with F-actin. Furthermore, F-actin binding assays suggest that pacsin2 is an actin-side binding protein that does increase the stability of actin filaments, but does not protect them from cofilin-mediated depolymerization activity. Pacsins can recruit N-WASP to membranes and trigger local actin polymerization in vivo in an Arp2/3-complexdependent manner [30] . In this respect, it will be interesting to see whether Arp2/3 recruitment can also be initiated by pacsin2 when bound to F-actin, thereby providing an additional mode of actin regulation.
There are several structural differences between N-BAR and F-BAR domain proteins [6, 9, 20, 29, [31] [32] [33] which suggest that these subfamilies could differ in the binding to F-actin, with F-BAR domain proteins being more suited for the interaction. However, an exception is the N-BAR domain of PICK1, which was shown to interact directly with actin filaments [29] . This interaction was found to be almost completely abolished by substitution of two adjacent lysine residues constituting the F-actin binding motif in pan1 [34] with concomitant inhibition of PICK1-lipid vesicle interactions. Structure based sequence alignment of N-BAR domain proteins ( Supplementary Fig S11) revealed that this double lysine motif is partially conserved within the N-BAR domain subfamily, suggesting that other N-BAR domain proteins might interact with F-actin, too. However, as shown in our study, the N-BAR protein endophilin, which also displays this motif, does not interact with the F-actin, implying that in PICK1 additional residues play a role in the interaction with F-actin. In the structure based sequence alignment of the F-BAR domain protein family, this double lysine motif of PICK1 is not conserved [35] at the same position in the structure.
We investigated the conservation of surface residues (lysine clusters) of pacsin2 identified by our XL-MS analysis of F-actin:pacsin2 complex. Interestingly, we found that these residues form a distinct spatial distribution of positive charges on the pacsin2 and are not conserved throughout the F-BAR domain proteins ( Supplementary  Fig S12) . Our analysis suggests that a specific pattern of positively charged residues is required for F-actin binding, as opposed to less stringent requirements of charge distribution for membrane binding of F-BAR domains in general. This is corroborated by our finding that two other F-BAR domain proteins (CIP4 and FCHO2) do not interact with actin filaments. In conclusion, binding to actin filaments seems to be a specific feature of some BAR domain proteins and further studies are needed to identify sequence and structural determinants that confer distinctive actin binding modes of N-BAR and F-BAR domain proteins.
The finding that the F-BAR domain of pacsin2 is not only associated with a membrane system but can also directly bind to actin filaments raises the question of the significance of this interaction in the cell biological context. Based on our study and experimental data from the literature, we propose three scenarios where the pacsin-actin interaction may play a significant role: regulation of cytoskeletal dynamics, sequestration of membranedissociated pacsin, and recruitment of pacsin to active sites at the membrane. 
Materials and Methods

F-actin co-sedimentation assay
Actin co-sedimentation assay was essentially done as described in Kostan et al [36] with slight modifications. Briefly, samples of purified rabbit skeletal muscle actin ( . Film exposures were scanned and quantified using the ImageQuant 5.1 software package (Molecular Dynamics). For determination of dissociation constants, the amount of pacsin2tr or pacsin2tr-D1 bound to F-actin was fit to a single rectangular hyperbola using Prism 4 (GraphPad Software).
Surface plasmon resonance
The surface plasmon resonance experiments (SPR) were performed using Biacore T100 and sensor chip L1 (Biacore, GE Healthcare) [37] . Proteins were diluted in the SPR running buffer composed of 20 mM Tris, 150 mM NaCl, 1 mM EDTA, 0.1 mg/ml BSA, pH 8. All experiments were performed at 25°C. Small unilamellar vesicles (SUVs) were prepared from 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) or 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine (POPS; both from Avanti Polar Lipids) by using sonication as described [38] . The SUVs were injected over the surface of L1 sensor chip in the running buffer at a flow rate of 2 ll/min. The POPS SUVs were captured to the second flow cell, while the POPC SUVs were injected over the first flow cell and served as a control for nonspecific binding. The immobilization level for both SUVs was kept constantly around 1,200 RU. After lipid injection, the surface was stabilized with two 15 s injections of 10 mM NaOH. Wild-type pacsin2 and mutants were injected across the lipid surface at different concentrations, ranging from 2.6 nM to 4 lM. The proteins were injected for 4 min at a flow rate 10 ll/min, and the dissociation was monitored for additional 4 min. Between each protein injection, the surface was regenerated with two 30 s injections of 40 mM octylglucopyranoside and fresh lipid surface was prepared for each protein injection. Sensorgrams were doubly referenced for the nonspecific binding to the POPC LUVs and buffer injections and then analyzed with the Biacore T100 Evaluation Software. Equilibrium dissociation constants (K D ) were determined by plotting the binding levels at the end of the injection, which for most protein injections reached steady-state levels, versus the concentration of the injected protein and fitting the data to the equation:
where R eq is steady-state binding level, C is the concentration of proteins, and R max is the maximal response. The average K D s and standard deviations were determined from three independent titrations for each protein.
Cryo-electron microscopy
Rabbit skeletal muscle G-actin (10 lM) was polymerized in FEMbuffer (15 mM MOPS-buffer, pH 7.2, 50 mM KCl, 1 mM MgCl 2 , 1 mM EGTA, 0.2 mM ATP) for 2 h at room temperature. F-actin (4 lM) in FEM-buffer was incubated with pacsin2tr (20 lM) for 5-20 min at room temperature. The samples were frozen using a Vitrobot Mark IV (FEI) plunge freezer. Droplets (2.5-3 ll) were applied to glow discharged C-flat grids in 100% humidity at 20°C, with a blotting time of 3-3.5 s. Cryo-EM was done on a Tecnai F20 microscope with a field emission source, operated at 200 keV at a magnification of 50,000×. Images were recorded on film with defocus values from 1.9 to 4.1 lm. The micrographs were scanned on a Nikon Coolpix 8000 at a raster of 1.25 Å /pixel. They were decimated to 2.5 Å /pixel after filaments were extracted from the images using the helixboxer routine within EMAN [39] . The SPIDER software package [40] was used for most other steps in the image processing, with the addition of routines for IHRSR [25] . Boxes of length 200 pixels (500 Å ) were used for sorting and threedimensional reconstruction. Images were multiplied by the theoretical CTF function, which is the simple application of a Weiner filter in the limit of very low SNR. After the reconstruction was generated, it was corrected for the fact that the images were multiplied by the CTF twice (once by the microscope, once by us) by dividing by the sum of the squared CTFs.
Accession numbers
Coordinates of crystal form I were deposited to the Protein Data Bank under accession code: 4bne. 
